The scaling laws for the simulation of noise from subsonic and ideally expanded supersonic jets are examined with regard to their applicability to deduce full scale conditions from small-scale model testing. Important parameters of scale model testing for the simulation of jet noise are identified, and the methods of estimating fullscale noise levels from simulated scale model data are addressed. The limitations of cold-jet data in estimating high-temperature supersonic jet noise levels are discussed. It is shown that the jet Mach number (jet exit velocitytsound speed at jet exit) is a more general and convenient parameter for noise scaling purposes than the ratio of jet exit velocity to ambient speed of sound. A similarity spectrum is also proposed, which accounts for jet Mach number, angle to the jet axis, and jet density ratio. The proposed spectrum reduces nearly to the well-known similarity spectra proposed by Tam' for the large-scale and the fine-scale turbulence noise in the appropriate limit. 
INTRODUCTION
The generation of noise from turbulent jets is of great practical interest in the design ofjet engines (subsonic and supersonic civil transport) and the study of launch vehicle acoustics. Acoustic loads in a launch vehicle environment induce structural vibration of vehicle components, ground support structures and equipment in the immediate vicinity of the launch pad. In the design of launch vehicles, it is highly desirable that data on acoustic loads (near-field and far-field noise levels) be generated both analytically and from testing of small-scale and full-scale models. Since full-scale acoustic and vibration testing is often cost-prohibitive, the option of small-scale testing combined with analysis methods remains as a practical alternative.
Noise from subsonic jets is mainly due to turbulent mixing, comprising the contributions of large-scale and fine-scale structure^.^'^ The turbulent mixing noise is mainly broadband. In perfectly expanded supersonic jets (nozzle exit plane pressure equals the ambient pressure), the large-scale mixing noise manifests itself primarily as Mach wave radiation caused by the supersonic convection of turbulent eddies with respect to the ambient fluid. In imperfectly expanded supersonic jets, additional noise is generated on account of broadband shock noise and screech tones.
Scale models are often used in early design stage as a means of predicting the acoustic environment associated with flight vehicles. A detailed knowledge of the mechanisms of noise generation and noise radiation by jets is essential in designing a scale model of the noise ~o u r c e .~ In order to ensure complete similarity between model and full scale, we need to ensure similarity of flow, noise generation, and noise propagation.
In practice, it is generally difficult to duplicate (simulate) all the characteristic parameters in the scale model. Model testing with even smaller rocket engines requires extensive safety precautions. Heated jet facilities also involve considerable complexity and cost. The use of less expensive facilities or lower gas temperatures, for example, would considerably simplify model te~ting.~ The ability to conduct a scale model test with a substitute gas (air, nitrogen, helium, etc.) For example, helium-air mixture jets for simulating hightemperature effects have been studied by Kinzie and Mchughlin.' These substitute gas tests require some compromise of the actual physics of the hot jet.
In the absence of an exact match between the dimensionless parameters of the scale model and the full scale, a detailed knowledge of the functional relationship respecting the various parameters is essential to aid in the interpretation of scale model data to predict the full-scale environment. The purpose of this report is to review the scaling laws for simulating noise from both subsonic jets and ideally expanded supersonic jets on the basis of both theoretical considerations and experimental data.
DYNAMIC SIMILARITY
A schematic of the jet configuration is shown in Fig.  1 
Effect of Source Convection
The above theory holds only for stationary sources. Since quadrupoles are convecting downstream, the effect of moving sources on the direction of noise radiation is accounted for by a convection The quantity a is defined as
where uf and L represent the characteristic frequency and length scale of the eddies, respectively. An integration of the sound power over all solid angles yields that so that represents the mean amplification factor."
The nonsingular factor C-' in Eq. (9) Fig. 4a. Fig. 4b presents a linear plot of the directivity of the jet noise considered in Fig. 4a . The directivity at increased Mach numbers is clearly evident. Experimental data suggest the existence of a refractive dip close to the jet axis as a result of refraction by the mean flow. A discussion of the effects of refraction in the scaling law is beyond the scope of the present paper. Directivity and spectral effects of shear-noise (due to joint contribution of turbulence and mean flow) is also not considered here, and only self-noise due to turbulence is accounted for.
Supersonic Jets
An examination of 
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As noted by Ffowcs william^,^ possible mechanism of sound generation by supersonic shear layers is quite different from that indicated by Lighthill' for low-speed subsonic jets. Ffowcs Williams extended Lighthill's theory for high-speed solenoidal convection and predicted a u3 dependence of jet noise at high supersonic Mach numbers.' A u j dependence is also indicated by Tam.17 These predictions are in qualitative agreement with the data at high supersonic flow. The departure from the u! dependence at supersonic speeds may be partly attributed to compressibility effects, causing a reduction in source strength." At increased Mach numbers, there is a reduction of transverse velocity fluctuations in the mixing layer, as indicated by the data of Goebel and Dutton" and predicted in Kandula and Wilcox.
Phillips" proposed an asymptotic theory for very high values of u j l c , , according to which the acoustic efficiency must ultimately diminish like uy3'2 or the sound power as u?'" There is very limited data at very high Mach numbers to provide a validation of this theory. Also at very high Mach numbers (characteristic of hypersonic regime), real gas effects and property variations can become significant such that the accuracy of the theory becomes questionable.
Based on the foregoing discussion, we may roughly summarize the sound power level dependence in supersonic speeds as follows:
Spectral Distribution first derived a similarity law for sound power spectrum of the form where fp represents the peak frequency value, i T the local time-averaged density and C is defined by Eq. (lo). Ribner" proposed for the self noise a semiempirical spectrum of the form
which provides the asymptotic behavior according to Eq.
.
On the basis of a detailed study of jet noise data for sound power spectrum for supersonic and subsonic jets (both hot and cold jets), Tam et al.' postulated (discovered) the existence of two universal similarity spectrum functions F and G , such that the overall jet noise spectrum is expressed as 4 American Institute of Aeronautics and Astronautics where F(f / f~) is a spectrum for the large-scale turbulencelinstability waves ( characteristic of Mach wave radiation), and C( f / ff ) is the spectrum for the fine-scale turbulence.u The frequencies f and f f correspond respectively to the peaks of the large-scale turbulence and fine-scale turbulence. These spectrum functions are normalized such that F(1) = G(l) = 1 . Empirical correlations are proposed for the amplitudes A and B , and the peak frequencies of the two independent spectra as a function of the jet operating parameters u j lc,,T, IT, and the inlet angle 8 . It is shown that the noise due to large-scale structure is dominant at small angles to the jet axis and that the fine-scale structure is dominant in the forward quadrant.
Fig. 5 displays the two universal similarity spectra of Tam for large-scale turbulence noise and fine-scale turbulence noise.' For comparison purposes, the empirical spectrum due to Ribner" is also presented. It is interesting to note that the Ribner spectrum matches well with the large-scale turbulence noise spectrum for frequencies below the peak frequency, whereas it compares better with Tam's fine-scale turbulence noise spectrum beyond the peak frequency except at very large frequencies.
Heated Jets Experimental Considerations
Whereas cold jets have been the subject of many investigations, relatively little research has been devoted to the topic of heated jets.24 While in commercial transport applications (turbojets), the jet temperature is of the order of 1000 O F ( M j =0.6 to 0.9), the temperatures in rocket exhausts are considerably higher and are of the order of 2000 O F ( M i =2.5 to 3.5). Although cold air jets can be used to determine differences in a noise field due to geometric changes, the use of cold air jets to establish absolute values of a full-scale noise field is considered not fea~ible.~ Cold-air tests are thus good to indicate qualitative differences in the acoustic field but are only indicative of the order of magnitude of the actual phenomena of noise reduction.
Data on scale models generally suggest a 5-10 dB difference between cold-and hot-jet tests. According to a review by Fisher et ai.?' for a constant mean velocity of the jet, the acoustic levels increase with an increase in mean temperature of the jet for M j < 0.7 and decrease with an increasing temperature if M i > 0.7 . According to the data of Narayanan et a1.,26 for subsonic jets (O< Mj<0.9) at a fixed jet velocity, an increase in jet temperature diminishes the sound power level (Fig. 6) . On the other hand, at a given jet Mach number M j , an increase in jet temperature enhances the sound power level as shown by Morgan et al. (see Fig. 7 ). Kinzie and McLaughlin' note that significant differences exist between noise from moderately heated supersonic jets and unheated supersonic jets. Heated air data of Seiner et al." at M j =2 suggest that the peak OASPL is higher at higher temperatures (6 dB increase as Tj increases from 313 to 1534 K), as demonstrated in Fig. 8 .
Experiments by Tanna28 for cold and hot subsonic and supersonic jets show that the spectral content of noise from hot jets is fundamentally different from that of cold jets. There is an order-of-magnitude variation in peak frequency and amplitude, as displayed in Fig. 9 , adapted from Fortune and Gervais 24.
Analvses and Correlations
In the presence of density differences between the jet fluid and the ambient fluid (such as helium jets in air), the corresponding acoustic power is proposed by Lighthill as With regard to the role of jet temperature, Lighthill points out that inhomogeneities in temperature amplify the sound due to turbulence, just as shear affects high-frequency components of the jet noise. According to Lighthill, the effects of velocity and temperature cannot be separated.
Mani29930 has shown, with the aid of a slug flow approximation, that mean density gradients act to generate dipole and monopole source terms, which produce M and M dependence at high jet temperatures for constant value of (jet temperature -ambient temperature), where M denotes the ratio of jet velocity to ambient sound speed.
Morfey et al. l8 developed scaling laws for both quadrupole and dipole components of turbulent mixing. They proposed an additional mixing noise due to dipole source at high jet temperatures and suggested the following relation for the normalized acoustic far-field intensity I' : 
PX d j
The dipole term is based on theoretical considerations of sound generation by convected density inhomogeneities. It is suggested that, in order to generalize the prediction scheme, the temperature ratio Tj IT, be replaced by ( p j / pm )-I, the density ratio being the dynamically significant quantity.
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On similar grounds, Liley proposed the existence of an additional dipole source term arising from density fluctuations (due to temperature fluctuations) and suggested that the sound power per unit volume of turbulence can be expressed as According to Liley, the dipole term dominates the quadrupole term at high speeds. It is seen from the above relations that the jet temperature has strong effect on the velocity component. In the case of large-scale turbulence, the velocity exponent n for cold jets (T, / T , = 1) is approximately equal to 9.5, which is somewhat larger than 8, as predicted by the Lighthill's acoustic analogy. In the case of fine-scale turbulence, the velocity exponent n reduces to 7.6 for cold jets (T, / T , = l ) , in very close agreement with the wellknown subsonic jet value of 8, as predicted by Lighthill's theory. At a jet temperature ratio of 2, the value of the exponent reduces to 6.85.
Recently, Massey et al. 32 suggested a correction factor for the temperature effects, as based on their data over a range of M = 0.6 to 1.2 for rectangular jets issuing from converging nozzles:
where Ai represents the jet cross sectional area, and STP referes to the standard conditions.
Calculations by the present authors, using OVER-FLOW Navier-Stokes CFD code?3 have shown that the length of the supersonic core decreases with an increase in jet temperature, at a constant jet Mach number of 2 and constant ambient temperature (Fig. 10) . This suggests that an increase in jet temperature not only introduces dipole sources but also alters the quadrupole source distribution by shortening the core length.
PROPOSED SCALING LAWS Sound Power
Based on a detailed study of the above considerations concerning experimental data and theoretical analyses, refinements to the scaling laws for jet noise are proposed as follows. In accordance with Lighthill-Ffowcs Williams-Ribner formulations, the following expression for the sound power level is proposed for both subsonic and supersonic flow: 6 American Institute of Aeronautics and Astronautics where K 1 is a proportionality constant, GI is the directivity factor (owing to source convection), and G2 accounts for the distribution of the sound power. The directivity factor is essentially the same as given by Eq. (10) Eq. (26) can also be recast in an alternative form as For a thermally perfect gas, the density ratio is related to the temperature ratio by Thus for an ideal gas, the temperature dependence of sound power at a constant value of jet Mach number can be characterized as On the other hand, for a constant jet velocity, the ratio of sound power becomes (pf / p z ) = (pjl /p2)= (Tj2 / T i l 1 u j = const. (31b) where any differences in M j influencing the directivity and spectral distribution through the factors GI and G2 are ignored. Eqs. (31a) and (31b) illuminate the fundamental difference in temperature scaling of sound power. Eq. (31a) suggests an amplification of sound power with increased jet temperature for a fixed value of M j , while Eq. (31b) suggests a decreased value of sound power with an increase in jet temperature for a constant value of u j .
Similarity Spectrum
A single similarity spectrum is also proposed here to apply to both subsonic and supersonic flow and to account for both the fine-scale turbulence and turbulence structure associated with Mach wave radiation. A'semiempirical spectrum is propose here as where a = b.2 + exp(-4M, cosB(Pi / p,))10. 35 (32b) The density ratio parameter p i / pm indirectly takes into account the effects of jet temperature on the quadrupole character of the sound source.
The proposed expression is based on Von Karmantype interpolation formula for isotropic turbulence34 as suggested by Saffman.35 V~n -K a r m a n~~ originally proposed a spectrum of the form which covers the range between the permanent largest eddies of f -law (as f + 0 ) and the Kolmogorov inertial ~ubrange~~characterized by the f -5/3 law at very large values of f . Following Saffman, considering a f -2 law at k + 0, Hinze3' suggests a spectrum of the form valid for the turbulent transport of both a vector (velocity and momentum) and a scalar quantity.
The proposed expression, given by Eq. (32), is of more general form, capable of describing the spectrum at 7 American Institute of Aeronautics and Astronautics low and high Mach numbers and accounting for the directivity effects and departures from isothermality. The import of the proposed spectrum is that at high jet Mach numbers the broadband turbulence spectrum degenerates to the narrowband spectrum typical of large-scale turbulence governing Mach wave radiation. It is seen that for the isothermal case, the present spectrum reduces to the following form: (34) Recent Direct Numerical Simulation (DNS) data by Bodony and Lele3' suggest that, at M i = 1.2 , the spectrum is of the form f-3. 33 at large values of wave number, which is close to the present result of f-3.074.
With regard to noise spectrum due to fine scale turbulence, Morris and F a r a~s a t~~ recently presented a detailed comparison of of predictions from acoustic analogy theories and by the method of Tam and A~r i a u l t~~ involving adjoint Green's function for the linarized Euler equation.
RESULTS AND DISCUSSION

Overall Sound Power
The variation of OASPL with the jet Mach number is portrayed in Fig. 11 with the jet temperature ratio as a parameter. The isothermal result is obtained from Eq. (13). and the temperature effects are evaluated from Eq. (3 la). The calculations correspond to the perfectly expanded jet. For convenience, the data are plotted with reference to the OASPL value at M j = 1 . As is to be expected, the OASPL transitions from a u j dependence in subsonic flow to u j at large supersonic Mach numbers.
The transition region corresponds to a range of Mi =1.5 to 3.0, which in turn translates to a convective Mach number range of 0.825 to 1.65. Although the calculations are shown for jet Mach numbers of 10, they should be used with caution for jet Mach numbers in excess of about 5 (hypersonic flow) where real gas effects (including dissociation) can become significant. The results for the isothermal jets ( Tj / T , = 1 ) appear to be in good agreement with the available data (see Fig. 2 ). For example, for the isothermal jet, an increase of OASPL of about 60 dB is noted as the jet Mach number increases from 0.2 to 1.0 (see data of Fig. 2 at u j =200 ft/s and uj =IO00 fds). Fig. 11 also suggests that, at a given Mi, OASPL depends only on the temperature ratio, as indicated by Eq. (31a). Comparison of this theory with the data of Morgan4 suggests that, at M j = 1 and a temperature ratio of 3 (jet temperature increased from 60 to 1120 O F ) , the observed increase in OASPL is about 13 dB, while the present scaling law provides a value of 14.3. Referring to the subsonic data of Narayanan,26 as seen in Fig. 6 , at a constant value of u j / c, = 0.89 1 , a drop of OASPL of about 5 dB is noted as the jet temperature is increased form 83 to 1000 OF. This compares favorably with a predicted value of about 4.3 dB according to the present scaling law [Eq. ( 3~1 .
Similarity Spectrum
The variation of similarity spectrum with Mach number at a constant value of 6' = 20 deg is provided in Fig.  12a . Also shown in this plot are the similarity spectra of Tam' for large-scale turbulence noise and fine-scale turbulence noise derived on the basis of experimental data of NASA Langley Research Center. The results indicate that at large values of Mach number, the spectrum becomes closer to the similarity spectrum of Tam for large-scale turbulence. As the jet Mach number is reduced, the proposed spectrum becomes progressively broader and approaches the similarity spectrum of Tam for fine-scale turbulence. The intersection of the fine-scale spectrum with the large-scale spectrum at high frequencies, as observed in the similarity spectra of Tam, is absent in the present predictions. Spectral data of Massey et al. 32 at 6' = 40 deg for a Mach number range of 0.6 to 1.2 qualitatively support this trend.
Referring to Fig. 12b , a comparison of similarity spectra at M j = 2 for various angles to the jet axis, we see that as the angle is increased from 20 to 90 deg, the proposed spectra shifts from a narrow band to a broad band and isgenerally bounded by the similarity spectra of Tam. The comparisons suggest that the narrowband spectrum characterizing the large-scale turbulence noise of Mach wave radiation is likely a perturbation from the fine-scale spectrum. Some evidence to this effect is found from the recent experimental data of Hileman and Samimy4, which suggest a rather continuous transition from the narrowband spectrum to a broadband spectrum as the angle of a Mach 1.3 jet is increased from 20 to 90 deg.
Finally, the effect of jet temperature on the sound power spectra is highlighted in Fig. 12c for M = 2 and 8 American Institute of Aeronautics and Astronautics temperature is increased, the spectrum progressively shifts from a narrowband spectrum to a broadband spectrum.
CONCLUSION
A review of the scaling and similarity laws applied to jet noise suggests that proper care needs to be exercised in extending small-scale test data to full-scale application. While the phenomenon of noise generation and propagation in subsonic flow has been satisfactorily understood, theory of noise generation in highly supersonic flow is relatively less understood. The effect of jet temperature in supersonic jets leads to additional complication in the understanding of jet noise. The issue of highly supersonic jets at high temperature, typical of launch vehicles, requires further experimental and theoretical study.
With the aid of scaling laws for jet noise proposed here, it has been demonstrated that the jet Mach number, rather than the ratio of jet velocity to ambient sound velocity, is the proper scaling parameter for correlating hightemperature jet noise. The effect of jet temperature is accounted for by Lighthill's suggestion through the changes in the density factor in the quadrupole field. No account, however, was considered as to the importance of diploes and monopoles on the sound field at high jet temperatures, and these considerations need further investigation. The present study, however, suggests that significant jet temperature effects exist insofar as the quadrupole source distributions are concerned.
A continuous similarity spectra is also proposed that is generally bounded by the similarity spectra proposed by Tam for large-scale and fine-scale turbulence. Effects of Mach number and angle from the jet axis are taken into account in the directivity factor, while the effects of Mach number, angle from the jet axis and temperature are accounted for in the similarity spectra. The resulting predictions are in general agreement with the available data.
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